Introduction
CML is a myeloproliferative disease characterized by a well-defined genetic abnormality involving the BCR -ABL translocation, which occurs in the Philadelphia (Ph) chromosome (Rowley, 1973) . This genetic alteration results from a chromosome 9:22 translocation that leads to expression of a chimeric fusion protein, BcrAbl, with deregulated tyrosine kinase activity (Lugo et al., 1990; Mes-Masson et al., 1986) . The Bcr -Abl fusion protein and its constitutively-activated tyrosine kinase activity are essential for malignant progression in CML (Lugo et al., 1990; Pendergast et al., 1991) . Because of this characteristic feature of CML, the Bcr -Abl kinase is a good candidate for moleculartargeted chemotherapy. STI-571, originally known as CGP-57148B and now commercially available as Gleevec or Imatinib, is a selective Bcr -Abl kinase inhibitor that has been shown to be highly efficacious for treatment of chronic phase CML in advanced clinical trials (Druker et al., , 2001a . However, STI-571 is less effective during the blast crisis of CML and clinical resistance to STI-571 is already beginning to emerge (Druker et al., 2001a; Gorre et al., 2001) . Therefore, it is important to continue developing additional new therapies for CML. We have previously shown that PD180970, which was originally selected as a Src kinase inhibitor, is a potent Bcr -Abl kinase inhibitor and structurally similar compounds may thus represent potential novel therapeutic agents for CML (Dorsey et al., 2000; Kraker et al., 2000) .
Earlier studies have demonstrated that multiple signal transduction pathways are involved in the abnormal growth signaling by Bcr -Abl, including Ras and phosphatidylinositol-3 kinase (Cortez et al., 1996; Jain et al., 1996; Puil et al., 1994) . More recent studies have implicated one STAT family member, Stat5, as having an important role in Bcr -Ablmediated transformation Chai et al., 1997; de Groot et al., 1999; Frank and Varticovski, 1996; Ilaria and van Etten, 1996; Nieborowska-Skorska et al., 1999; Sillaber et al., 2000; Sonoyama et al., 2002) . STATs comprise a family of transcription factors that were originally discovered as key effectors of normal cytokine signaling (Bromberg and Darnell, 2000) . Numerous studies have subsequently shown that oncoproteins can activate STATs and that constitutively activated STAT signaling can directly contribute to oncogenic transformation (Besser et al., 1999; Bromberg et al., 1998; Catlett-Falcone et al., 1999; Chaturvedi et al., 1997; Danial et al., 1995; Nelson et al., 1998; Turkson et al., 1998; Yu et al., 1995; Zong et al., 1998) . Constitutive activation of STATs has been observed in many malignant cell lines and tumor specimens, including multiple myeloma, lymphomas, leukemias, head and neck cancer, breast and prostate cancer Coffer et al., 2000; Danial and Rothman, 2000; Lin et al., 2000; Smithgall et al., 2000; Song and Grandis, 2000) . Furthermore, mutationally activated forms of Stat3 and Stat5 have been shown to possess transforming properties, providing genetic evidence for the oncogenic potential of STATs Onishi et al., 1998) . In human K562 CML cells, disruption of constitutively-activated Stat5 signaling with dominant-negative Stat5 blocks colony formation in soft agar, suggesting that Stat5 has an essential role in Bcr -Abl-mediated transformation of these cells (de Groot et al., 1999) .
In this study, we demonstrate that PD180970 can inhibit Stat5 DNA-binding activity in K562 CML cells with an IC 50 of 5 nM, concomitant with a block in Bcr -Abl autophosphorylation. Furthermore, inhibition of Bcr -Abl is accompanied by induction of cell cycle arrest and apoptosis in Ph + K562 cells, but not in Ph 7 myeloid cell lines. Expression of dominantnegative Stat5 protein also induces apoptosis in K562 cells, consistent with a critical role of Stat5 signaling in growth and survival of CML cells. Growth inhibition by PD180970 correlates with down-regulation of the anti-apoptotic genes, Bcl-x L and Mcl-1, and the cell cycle control genes, cyclin D2 and c-Myc, which are candidate Stat5-regulated genes. These findings suggest a molecular mechanism for the action of PD180970 involving inhibition of Stat5-mediated signal transduction and gene regulation downstream of Bcr -Abl. Inhibition of Stat5 signaling thus represents a potentially relevant molecular end-point for monitoring activity of Bcr -Abl kinase inhibitors in vitro and in vivo. In addition, PD180970 inhibits Stat5 signaling and growth in CML patient specimens and STI-571-resistant Bcr -Abl-positive cells, providing further evidence for the therapeutic potential of this class of compounds.
Results

PD180970 inhibits Abl tyrosine phosphorylation in human K562 CML cells
To confirm the effect of PD180970 on Bcr -Abl kinase activity, K562 cells were treated with increasing doses of PD180970 for 12 h before lysing the cells. Proteins were immunoprecipitated from cell lysates with antiAbl antibodies and Western blots were probed using Immunoprecipitations were performed with anti-Abl antibody using lysates prepared from K562 cells treated for 12 h with DMSO vehicle (lane 1) or increasing concentrations of PD180970 (lanes 2 -5) and subjected to Western blot analyses. Upper panel shows the levels of Abl tyrosine phosphorylation as detected by antiphosphotyrosine (anti-pTyr) antibody. The lower panel was probed with anti-Abl antibody to confirm equal loading of proteins. Both Bcr -Abl (210 kd) and c-Abl (145 kd) proteins are detected by these antibodies. IP, immunoprecipitation; IB, immunoblot. (b) EMSA was performed to measure levels of Stat5 DNA-binding activity using nuclear extracts prepared from K562, HEL92.1.7 or HL-60 cells treated with the indicated doses of PD180970 for 24 h. The 32 P-labeled MGFe probe was used that specifically binds Stat5 in this assay. The position of activated Stat5 bound to probe in the gel is indicated. (c) EMSA was performed to determine the kinetics of Stat5 inhibition following treatment with PD180970 in K562 cells for the indicated times, with redosing at 12 h for the 24 h time point. Experiments were repeated at least three times with similar results. Control (Con) lanes were treated with DMSO vehicle alone anti-phosphotyrosine antibodies to detect Abl phosphorylation or anti-Abl antibodies to detect total Abl proteins. Figure 1a shows that Bcr -Abl tyrosine phosphorylation was blocked by PD180970 with an IC 50 of 20 nM, indicating that PD180970 is a potent Abl kinase inhibitor, consistent with our earlier findings (Dorsey et al., 2000) . Normal c-Abl phosphorylation was also inhibited with a similar IC 50 , while the total protein levels of both Bcr -Abl and c-Abl remained unchanged by treatment with PD180970.
Stat5 DNA-binding activity is inhibited by PD180970 in K562 cells
Because Stat5 has been shown to be a major signaling pathway downstream of Bcr -Abl (de Groot et al., 1999; Nieborowska-Skorska et al., 1999; Sillaber et al., 2000; Sonoyama et al., 2002) , we investigated the effect of PD180970 on Stat5 DNA-binding activity. EMSA results shown in Figure 1b demonstrate that treatment with PD180970 abolishes Stat5 DNA-binding activity in K562 cells with an IC 50 of 5 nM. In contrast, Stat5 activity is not blocked in HEL92.1.7 cells, which do not possess the Bcr -Abl translocation, indicating that Stat5 is activated through a Bcr -Abl-independent mechanism in the HEL cells. As another negative control for the studies described below, HL-60 cells were used that lack both the Bcr -Abl protein and Stat5 activation. The kinetics of PD180970-mediated inhibition of Stat5 DNA-binding activity in K562 cells is shown in Figure 1c . Stat5 activation is inhibited by over 90% after 15 min of treatment with PD180970, and after 1 h of treatment there is no detectable Stat5 activity. Significantly, a single treatment with PD180970 inhibits Stat5 activation for at least 24 h, suggesting that this compound is highly stable inside cells (data not shown). Thus, PD180970 induces rapid and prolonged inhibition of Bcr -Abl-mediated signaling through Stat5. Similar results (data not shown) were obtained using the structurally-related compounds, PD164199, PD173952 and PD173958 (Dorsey et al., 2002) .
PD180970 blocks proliferation of K562 cells
To assess the effects of PD180970 on CML cell proliferation, [
3 H]-thymidine incorporation assays were performed on K562 cells treated with PD180970. Figure 2a shows that proliferation of K562 cells was strongly inhibited by PD180970 with an IC 50 of 20 nM. The levels of [ 3 H]-thymidine incorporation in K562 cells treated with 50 nM of PD180970 were approximately 20% that of the control DMSO vehicle-treated cells. In addition, K562 cell number was decreased in a dose-dependent manner after treatment with PD180970 for 24 or 48 h (Figure 2b ). In contrast, this compound had little effect on (data not shown), consistent with earlier studies (Dorsey et al., 2002) . Inhibition of cell proliferation by PD180970 and related compounds correlated well with inhibition of Stat5 DNA-binding activity in K562 cells as described above.
Treatment with PD180970 induces G1 cell cycle arrest in K562 cells
To determine if there are cell cycle changes associated with the inhibition of K562 cell proliferation, cell cycle profiles were examined using combined PI staining and BrdU incorporation followed by flow cytometry. Figure 2c shows that K562 cells were arrested in G1 phase in a dose-dependent manner after 24 h treatment 
K562 cells undergo apoptosis in response to PD180970 treatment
To further characterize the role of Bcr -Abl and activated Stat5 in growth control of K562 cells, the effect of PD180970 on apoptosis was examined by flow cytometry. Figure 3a shows that after 48 h of exposure to PD180970, Annexin V-positive staining was increased dramatically in K562 cells with an IC 50 of approximately 20 nM. By contrast, in the Ph 7 cell lines, HEL92.7.1 and HL-60, treatment with PD180970 had no effect on Annexin-V staining (data not shown). Induction of apoptosis was confirmed by cleavage of PARP, as shown in Figure 3b . Again, these changes were not observed in the Ph 7 cell lines following treatment with PD180970. These results indicate that PD180970 induces apoptosis in Ph + cells that is associated with inhibition of Bcr -Abl and Stat5 activation.
Because previous studies showed that STI-571 induces differentiation of Bcr -Abl-positive leukemic cells (Fang et al., 2000) , we examined the effect of PD180970 on differentiation of K562 cells. After 48 h treatment with PD180970, hemoglobin expression was measured as an indicator of differentiation in leukemic cells. As shown in Figure 3c , hemoglobin protein expression was induced in K562 cells by PD180970 in a dose-dependent manner, and at 50 nM PD180970 the expression of hemoglobin was fourfold higher than the DMSO control. By contrast, this induction of hemoglobin was not seen in the Bcr -Abl-negative cell lines. 
Dominant-negative Stat5 induces apoptosis of K562 cells
Because PD180970 is expected to inhibit other signaling pathways in addition to Stat5 that lie downstream of Bcr -Abl, the effects of dominantnegative Stat5 protein on the growth and survival of K562 cells were evaluated. As shown in Figure 4 , dominant-negative Stat5 protein expressed from a vaccinia virus vector induced a dramatic increase in Annexin V-positive staining of infected K562 cells compared to mock-infected or control vector-infected cells. These findings indicate a critical role for Stat5 signaling in preventing apoptosis of K562 cells, consistent with earlier studies that demonstrated a requirement for Stat5 in growth and survival of BcrAbl-positive cells (de Groot et al., 1999; NieborowskaSkorska et al., 1999; Sillaber et al., 2000; Sonoyama et al., 2002) .
PD180970 inhibits expression of cell cycle and apoptosis control genes
Potential downstream target genes of Stat5 that could be responsible for the growth inhibition and apoptosis induced by PD180970 in K562 cells were analysed by RNase protection assays using probes for multiple genes, including Bcl-2 family members and cell cycle control genes. Figure 5a shows that Bcl-x L and Mcl-1 mRNA levels were down-regulated at least twofold after treatment for 36 h with PD180970. In addition, we observed that expression of the cyclin D2 gene was down-regulated by treatment with PD180970 in a dosedependent manner (Figure 5a ). Western blot analyses confirmed that expression levels of Bcl-x L , Mcl-1 and cyclin D2 proteins were also reduced following downregulation of their mRNA expression (Figure 5c ).
The effect of PD180970 on c-Myc RNA expression was assessed by Northern blot analysis. Figure 5b demonstrates that c-Myc mRNA levels in K562 cells were dramatically decreased after treatment with PD180970, whereas treatment of the HEL91.1.7 and HL-60 cells had no effect on c-Myc expression (data not shown). Taken together, our data show that PD180970 can inhibit cell cycle progression and survival in K562 cells, accompanied by down-regulation of Bcl-x L , Mcl-1, cyclin D2 and c-Myc gene expression. In all cases, the IC 50 of this downregulation of gene expression is approximately 5 -20 nM, similar to the IC 50 for inhibition of Bcr -Abl tyrosine phosphorylation and Stat5 DNA-binding activity (Figure 1a,b) .
PD180970 inhibits Stat5 signaling and induces apoptosis in CML patient specimens
To determine whether PD180970 could inhibit Stat5 DNA-binding activity in Bcr -Abl positive blasts, fresh peripheral blood CD34 + mononuclear cells from patients with CML were purified and incubated ex vivo with PD180970. EMSA results shown in Figure 6a demonstrate that in four out of five patient specimens examined, treatment with PD180970 for 24 h effectively blocked Stat5 DNA-binding activity. Availability of limited amounts of patient material restricted the number of experiments that could be performed. In the single specimen tested for supershift analysis with antibodies to Stat5, the DNA-binding activity was positively identified as corresponding to Stat5 (lane 10). In two patient specimens for which there was adequate material to perform a dose-response experiment, 10 nM was sufficient to completely block Stat5 DNA-binding activity (lanes 3 and 14) . By contrast, in another patient specimen, the DNA-binding activity was completely resistant to 250 nM PD180970 (lanes 11
Figure 5 PD180970 inhibits expression of anti-apoptosis genes and cell cycle control genes in K562 cells. (a) RNase protection assays were performed to measure levels of mRNA expression of the indicated genes in K562, HEL92.1.7 and HL-60 cells treated with increasing concentrations of PD180970 for 36 h. Normalization of total RNA was achieved using the L32 and GAPDH genes as internal controls for each set of template probes. (b) Northern blot analysis was performed to detect cMyc mRNA expression levels in K562 cells after exposure to the indicated doses of PD180970 for 36 h. Normalization of total RNA was verified by ethidium bromide staining of 28S and 18S ribosomal RNAs. (c) The protein expression levels for selected genes was confirmed by Western blot analyses following treatment of cells with increasing doses of PD180970. Normalization of total protein was confirmed by re-probing each Western blot with antibodies to b-actin. Experiments were repeated at least three times with similar results and 12). Apoptosis was assayed by Annexin-V staining and flow cytometry of one specimen (patient no. 3) treated ex vivo with either DMSO vehicle alone or 250 nM PD180970. Figure 6b shows that this treatment with PD180970 induced a fivefold increase in apoptosis (up to 52%) of CML tumor cells. Similar results were obtained with the tumor cells from a second patient (data not shown). These findings indicate that PD180970 can block Stat5 signaling and induce apoptosis of primary Bcr -Abl positive leukemic cells from CML patients.
Immunocytochemical assay for detection of activated Stat5 in CML cells
We developed an immunocytochemical assay for direct detection of activated phospho-Stat5 in CML tumor cells. Figure 7 (panels A1 -C1) shows staining of K562 cells with antibodies to phospho-Stat5 after treatment with DMSO vehicle alone or increasing concentrations of PD180970. Results demonstrate that levels of phospho-Stat5 were greatly diminished at 10 nM and completely abolished at 50 nM PD180970. Figure 7 , Panels A2 -C2 show phospho-Stat5 staining in fresh peripheral blood progenitor cells from a CML patient (patient no. 5). Purified CD34 + mononuclear cells were incubated ex vivo with the indicated concentrations of PD180970 prior to staining. Results demonstrate that levels of phospho-Stat5 were abrogated at 10 nM PD180970, and at 50 nM compound the morphological features of apoptosis are clearly evident in the patient specimen. These results are consistent with the EMSA analyses (compare with Figure 6, lanes 13 -15) and indicate that this immunohistochemical assay for phospho-Stat5 can be applied when limited amounts of sample are available or to identify specific cell types harboring activated Stat5.
STI-571-resistant Bcr -Abl-positive cells are inhibited by PD180970
Because of the emerging clinical resistance to STI-571 treatment among CML patients (Druker et al., 2001a; Gorre et al., 2001) , it was of interest to determine the sensitivity of STI-571 resistant cells to PD180970. As models of resistant leukemic cells, we used K562 cells and HL-60 cells stably expressing ectopic p185 BcrAbl (HL-60BA cells) that were isolated under continuous selection for growth in the presence of STI-571 (Nimmanapalli et al., 2002) . The STI-571-resistant K562 cell line, Re-K562, has lost Bcr -Abl expression, while the resistant HL-60BA cell line, Re-HL-60BA, expresses elevated levels of Bcr -Abl protein (Nimmanapalli et al., 2002) . As shown in Figure 8 , Re-K562 cells lack Stat5 DNA-binding activity (panel a, lane 5) and have lost sensitivity to PD180970-induced apoptosis as measured by Annexin V staining (panel b), consistent with the loss of Bcr -Abl expression. In contrast, the HL-60BA cells expressing Bcr -Abl have acquired Stat5 DNA-binding activity that is inhibited by PD180970 (Figure 8a, lanes 3 and 4) and have also acquired sensitivity to PD180970-induced apoptosis (Figure 8b ). By comparison, the parental HL-60 cells lacking Bcr -Abl expression do not exhibit Stat5 DNA-binding activity (Figure 1b) or PD180970-induced apoptosis (Figure 3b) . Significantly, the STI-571-resistant Re-HL-60BA cells have retained sensitivity to PD180970 in terms of both Stat5 DNA-binding activity (Figure 8a , lanes 7 and 8) and apoptosis ( Figure 8b) . Thus, sensitivity to PD180970 in these cell lines is associated with Bcr -Abl-mediated Stat5 signaling, and is retained in STI-571 resistant cells expressing Bcr -Abl.
Discussion
We investigated the effects of the Bcr -Abl kinase inhibitor, PD180970, on constitutively active Stat5 signaling in human K562 CML cells harboring activated Bcr -Abl. While previous studies have demonstrated that Bcr -Abl is required for growth and survival of CML cells Lugo et al., 1990) , the signaling pathways involved have not + mononuclear cells were purified from the peripheral blood of a CML patient (patient no. 5) and treated with DMSO or the indicated concentrations of PD180970 ex vivo been fully delineated. We show here that blocking Bcr -Abl kinase activity repressed Stat5 DNA-binding activity at low nanomolar concentrations of PD180970, accompanied by growth inhibition and induction of apoptosis. Furthermore, this block in growth and survival was associated with inhibition of candidate Stat5-regulated genes involved in controlling cell cycle progression and apoptosis. By contrast, the compound did not induce these responses in HEL92.1.7 and HL-60 human myeloid leukemia cells that lack Bcr -Abl expression, indicating that the inhibitory effects of PD180970 depend on the presence of activated BcrAbl kinase. Moreover, our findings are consistent with earlier studies that demonstrated a requirement for Stat5 signaling in Bcr -Abl-mediated transformation of myeloid cell lines (de Groot et al., 1999; NieborowskaSkorska et al., 1999; Sillaber et al., 2000; Sonoyama et al., 2002) .
Bcl-x L , one of the anti-apoptotic genes of the Bcl-2 family, has been shown to suppress apoptosis of hematopoietic cells (Benito et al., 1996; Ibrado et al., 1996) . In the human multiple myeloma cell line, U266, blocking Stat3 reduced Bcl-x L expression and induced apoptosis (Catlett-Falcone et al., 1999) . It has also been reported that Bcl-x L expression is dependent on Stat5 signaling in cells transfected with Bcr -Abl or . Furthermore, other studies have shown that the Bcl-x L promoter contains a Stat5-binding site, which regulates Bcl-x L transcriptional activity downstream of Bcr -Abl kinase (Horita et al., 2000) . Our results show that blocking Bcr -Abl kinase decreases Stat5 DNA-binding activity, reduces Bcl-x L expression and induces apoptosis of K562 cells after treatment with PD180970. In addition, we report that Mcl-1 is another candidate downstream target gene of Stat5 in K562 cells. Mcl-1 is a survival factor in hematopoietic cells (Reynolds et al., 1994; Zhou et al., 1997) and previously has been shown to be regulated by Stat3 in neutrophils and LGL leukemia cells (Epling-Burnette et al., 2001a,b et al., 1998) . Our studies show that cyclin D2 is downregulated by PD180970, suggesting that it may be a Stat5 target gene downstream of Bcr -Abl. Consistent with our findings, cyclin D2 also has been shown to be down-regulated in Stat5a/b knockout mice (Socolovsky et al., 1999) . In addition, the c-Myc oncogene is found over-expressed and amplified in many diverse human tumors and regulates cell proliferation (Dang et al., 1999; Obaya et al., 1999) . Furthermore, earlier studies have established that c-Myc is involved in Bcr -Ablmediated oncogenesis (Afar et al., 1994; Sawyers et al., 1992) , although the pathways leading to c-Myc induction by Bcr -Abl have not been fully defined. Recently, Stat3-mediated c-Myc expression has been shown to be required for Src oncogenesis and PDGFinduced mitogenesis (Bowman et al., 2001 ). Our present study demonstrates that after treatment of K562 cells with PD180970, the c-Myc RNA expression levels are dramatically inhibited. These findings are consistent with earlier studies showing that IL-2 induces c-Myc expression in a Stat5-dependent manner (Lord et al., 2000) . Thus, Bcr -Abl may induce c-Myc expression by activation of Stat5 signaling, although it remains to be determined whether Stat5 regulates the cMyc promoter directly or indirectly in this context. In striking contrast to numerous studies that demonstrated a requirement for Stat5 signaling in Bcr -Abl-mediated transformation of myeloid cell lines (de Groot et al., 1999; Nieborowska-Skorska et al., 1999; Sillaber et al., 2000; Sonoyama et al., 2002) , one isolated study with Stat5a/b null mice suggests that Stat5 signaling is not required for transformation by Bcr -Abl (Sexl et al., 2000) . It is possible that these discrepancies reflect differences in the model systems used for Bcr -Abl transformation in these studies. For example, significant differences have been noted in signaling pathways required for induction of CML-like myeloproliferative disease compared to B-lymphoid leukemias (Roumiantsev et al., 2001) . In these latter studies, the Src homology 2 (SH2) domain of Bcr -Abl was found to be required for efficient induction of myeloid leukemia-like disease in mice but not for lymphoid leukemogenesis (Roumiantsev et al., 2001) . The Bcr -Abl SH2 domain is also required for Stat5 activation associated with leukemogenesis in myeloid lineage cells (Nieborowska-Skorska et al., 1999) . Other studies showed that apoptosis is induced in myeloid cells by inhibiting NF-kB signaling in cells that lack activated Stat5 signaling, but not in myeloid cells that contain activated Stat5 signaling (Gelfanov et al., 2001) . These findings suggest that Stat5 signaling is important for survival pathways in myeloid cells, and thus may underlie differences in requirements for Stat5 signaling in myeloproliferative compared to lymphoproliferative disease. Significantly, Bcr -Abl P210 transformation of bone marrow cells in wild-type Stat5 mice induced eight cases of myeloid leukemia out of nine total leukemias; however, there were only two cases of myeloid leukemia out of 11 total leukemias in Stat5a/b null mice, indicating that Stat5 has an important role in myeloid leukemia (Sexl et al., 2000) . In contrast, recent studies with Stat5a/b null mice demonstrated that Stat5 is essential for both myeloproliferative and lymphoproliferative disease induced by the Tel-Jak2 oncoprotein (Schwaller et al., 2000) . Furthermore, expression of a constitutivelyactivated mutant form of Stat5a was sufficient by itself to induce myeloproliferative but not lymphoproliferative disease (Schwaller et al., 2000) . Here we show that dominant-negative Stat5 expressed from a vaccinia virus vector induces apoptosis of K562 cells, providing further evidence that Stat5 signaling is essential for growth and survival of CML cells. Thus, the requirements for Stat5 signaling in transformation are highly dependent on both the cell type as well as the oncogenic stimulus, probably reflecting differences in the dependence on various signaling pathways for growth and survival.
STI-571 is the first Bcr -Abl selective inhibitor that has been demonstrated to possess potent anti-tumor activity in CML patients (Druker et al., 2001a,b) . Importantly, STI-571 is a prototype tyrosine kinase inhibitor that validates the concept of molecular targeted-therapy (Druker et al., , 2001b . However, clinical resistance to STI-571 has already been reported in CML patients and additional therapies will be required for more effective treatment during blast phase (Druker et al., 2001a , Gorre et al., 2001 Porosnicu et al., 2001; Thiesing et al., 2000) . Our results demonstrate that PD180970 is another potent Bcr -Abl kinase inhibitor and thus this class of compounds represents a starting point for the devel-opment of new therapeutics. The potential advantages of PD180970 are the low nanomolar IC 50 as well as the finding that STI-571-resistant cells retain sensitivity to PD180970 in a Bcr -Abl-dependent manner. These observations are consistent with the finding that PD180970 induced apoptosis of CD34 + leukemic cells isolated from three patients who had progressive leukemia while receiving STI-571 (Nimmanapalli et al., 2002) . Because PD180970 is also a potent inhibitor of Src family kinases, we cannot exclude the possibility that the potency of this compound derives from its ability to inhibit both Bcr -Abl and Src kinase activities (Dorsey et al., 2000; Kraker et al., 2000) . In this regard, it is likely to be relevant that Src family kinases cooperate with Bcr -Abl in cell transformation (Lionberger et al., 2000) . Other Src kinase inhibitors structurally related to PD180970, including PD164199, PD173952 and PD173958, are also effective inhibitors of Bcr -Abl-dependent cell growth (Dorsey et al., 2002) , in good agreement with their abilities to inhibit Stat5 signaling (our unpublished data). Recent studies by another group have independently confirmed the potent inhibitory activity of PD180970 and related compounds, including PD166326 and PD173955, on Bcr -Abl-dependent cell growth (Wisniewski et al., 2002) . Furthermore, resolution of the crystal structure of the Bcr -Abl kinase domain complexed with PD173955 revealed that this compound may achieve its high potency by binding to both the active and inactive conformations of Abl, while STI-571 binds exclusively to the inactive conformation of Abl . The preferential binding of these two compounds to different conformations of Bcr -Abl may also explain the ability of PD180970 to inhibit the growth of STI-571-resistant leukemic cells.
Our findings reported here suggest that inhibition of Stat5 signaling downstream of Bcr -Abl may be an important mechanism of action of PD180970 as well as of other Bcr -Abl inhibitors, including STI-571. The involvement of Stat5 signaling does not preclude a critical role for additional signaling pathways downstream of Bcr -Abl, such as CrkL (Kolibaba et al., 1999; Rhodes et al., 2000) . Based on our findings, Stat5 signaling is another potentially relevant molecular endpoint that could be used for monitoring the efficacy of Bcr -Abl inhibitors in patients. For this purpose, the immunocytochemical assay for phospho-Stat5 described here can be readily adapted to detect levels of activated Stat5 in CML cells of patients following drug treatment. Analysis of a limited number of CML patient specimens demonstrated that PD180970 inhibits Bcr -Abl-mediated Stat5 signaling ex vivo and induced apoptosis in two specimens for which there was sufficient material to perform this assay.
In summary, compounds in the structural class of PD180970 represent potential candidates for treatment of Bcr -Abl positive leukemias. Furthermore, Stat5 signaling may contribute to the molecular mechanism of action of Bcr -Abl inhibitors as well as serve as a molecular end-point for assaying their activities in vitro and in vivo.
Materials and methods
Cell lines and Bcr -Abl kinase inhibitors K562, HEL92.1.7 and HL-60 cells were obtained from the American Type Culture Collection. The STI-571 resistant cell lines, Re-K562 and Re-HL-60BA, have been previously described (Nimmanapalli et al., 2002) . Cells were grown in RPMI 1640 containing 10% heat-inactivated FBS and 100 units/ml penicillin-streptomycin. The pyrido [2,3-d] pyrimidine derivative PD180970 and related compounds, PD164199, PD173952 and PD173958, were synthesized by Pfizer Global Research and Development (Ann Arbor, MI, USA) and have been previously described Dorsey et al., 2000 Dorsey et al., , 2002 . Compounds were added to cultured cells at the indicated concentrations dissolved in dimethyl sulphoxide (DMSO).
Leukemic blasts from CML patients
All patients met the clinical criteria of Ph chromosomepositive CML in either chronic phase (510% blasts in the bone marrow, patient no. 4), accelerated phase (11 -29% blasts in the bone marrow, patient no. 2), or blast crisis (430% blasts in the bone marrow, patient nos. 1, 3, 5). Informed consents were signed by all patients to allow use of their cells for these experiments as part of a clinical protocol approved by the local Institutional Review Board. Peripheral blood (50 ml) was obtained in heparinized tubes and peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation through Ficoll-Hypaque (Amersham Pharmacia Biotech). To isolate CD34 + leukemic blasts from PBMCs, the cells were coated with anti-CD34-phycoerythrin (PE) conjugated antibody (Pharmingen) and anti-PEmicrobeads (Miltenyi Biotech). The CD34 + cells were then isolated using magnetic cell sorting (MACS) with LS+ columns and Variomax magnets (Miltenyi Biotech). The MACS-selected cells were analysed by flow cytometry prior to and after sorting to determine the percentage of CD34 + cells and extent of purification. In all cases, CD34 + cells were enriched to greater than 90% purity using this technique.
Nuclear extracts and electrophoretic mobility shift assay
Nuclear extract preparation and electrophoretic mobility shift assay (EMSA) analysis of STAT DNA-binding activity were performed as previously described (Catlett-Falcone et al., 1999; Turkson et al., 1998; Yu et al., 1995) . Briefly, cells were treated with PD180970 or DMSO vehicle alone for 24 h prior to preparation of nuclear extracts. Nuclei were isolated and extracted in hypertonic buffer (20 mM HEPES, pH 7.9, 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20% glycerol, 20 mM NaF, 1 mM Na 3 VO 4 , 1 mM Na 2 P4O 7 , 1 mM DTT, 0.5 mM PMSF, 0.1 mM aprotinin, 1 mM leupeptin and 1 mM antipain). Extracts were normalized for total protein, and 4 -8 mg of nuclear protein were incubated with 32 P-labeled MGFe (mammary gland factor element) probe (de Groot et al., 1999) derived from the bovine b-casein gene promoter (5'-AGATTTCTAGGAATTCAA-3'). Protein-DNA complexes were resolved on 5% nondenaturing polyacrylamide gels and detected by autoradiography.
Flow cytometry for cell cycle and apoptosis assays
For cell cycle analysis following treatment of cells with different concentrations of PD180970 for 24 or 48 h, BrdU incorporation assays in combination with propidium iodide (PI) staining were performed essentially as described previously (Hazlehurst et al., 2000) . Approximately 1610 6 cells per sample were used for processing and analysis of fluorescence on a Becton-Dickinson FACScan using Cell Quest software. For apoptosis analysis, 1610 6 cells were treated with different doses of PD180970 for 24 or 48 h before harvesting. Annexin V-binding assays were used to evaluate the extent of apoptosis by flow cytometry following staining with Annexin V-PE or Annexin V-FITC combined with 7-AAD (PharMingen) as previously described (EplingBurnette et al., 2001a) .
Cell proliferation assays
Thymidine incorporation assays were performed in triplicate with 1610 4 cells/well exposed to the indicated doses of PD180790 for 48 h. Cells were pulsed with [ 
Hemoglobin assays
After treatment with different doses of PD180970, cells were harvested and lysed by four cycles of freezing and thawing at 7808C for differentiation assays as measured by hemoglobin protein levels (Fang et al., 2000) . Lysates were centrifuged to remove cellular debris, the protein concentration in the supernatant was determined, and 25 mg of total protein was diluted in 100 ml H 2 O. Ten ml of benzidine-HCl (10 mg benzidine into 1 ml 0.5% acetic acid), 45 ml of supernatant protein, 55 ml of H 2 O and 5 ml H 2 O 2 were added to 96 well plates. The plates were analysed by a spectrophotometer with 90 s at l=620.
Western blot analyses
Whole-cell lysates were prepared in boiling SDS sampleloading buffer to extract total proteins from cells treated with PD180970 for 48 h. Western blot analyses were performed as previously described (Catlett-Falcone et al., 1999; EplingBurnette et al., 2001a) . The primary antibodies used were monoclonal anti-Bcl-x L (SC-634; 1 : 500 dilution), monoclonal anti-Mcl-1 (SC-958; 1 : 1000), and monoclonal anti-cyclin D2 (SC-181; 1 : 1000) from Santa Cruz Biotechnology. Polyclonal antibodies to poly(ADP-ribose) polymerase (PARP; 1 : 3000) were from Roche. Proteins were detected by enhanced chemiluminescence (ECL) using rabbit anti-mouse secondary antibodies as previously described (Epling-Burnette et al., 2001a) .
Bcr -Abl immunoprecipitation
Whole-cell lysates were prepared in IP buffer (25 mM TrisHCl, pH 7.2, 150 mM NaCl, 25 mM NaF, 0.5 mM Na orthovanadate, 20 mM PNPP, 1 mM benzamidine, 1 mM DTT, 1% Triton X-100, 2 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mg/ml pepstatin, 100 mg/ml PMSF). Bcr -Abl was immunoprecipitated by addition of mouse monoclonal antic-Abl (SC-23; Santa Cruz Biotechnology) for 30 min at 48C and incubation with protein G-agarose for 3 h at 48C. Beads were washed in IP buffer and 16SDS loading buffer was added. Samples were boiled, resolved by SDS -PAGE, transferred and blotted with monoclonal PY20 anti-phosphotyrosine (BD Transduction Labs) or c-Abl antibodies (Santa Cruz Biotechnology).
RNA isolation and RNase protection assays
Total RNA was isolated from 5610 6 cells using TRIzol reagent (Gibco -BRL). RNase protection assays (RPA) were carried out with the Riboquant hAPO-2 (Bcl-2 family members), hCYC1 (cyclin family) and hCC1 (cell cycle control family) multi-probe templates (PharMingen) as previously described . Briefly, the multi-probe templates were synthesized by in vitro transcription with incorporation of [ 32 P]-dUTP and purified on Quick Spin RNA columns (Roche). Specific activity was quantified in a scintillation counter and probe (0.5 -1610 6 c.p.m./ml) was hybridized with 10 mg of total RNA through a temperature range of 908C to 568C over 16 -18 h, followed by RNase digestion at 378C for 1 h. Protected RNA fragments were separated on a 5% polyacrylamide denaturing gel and quantified with ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).
Northern blot analyses
Total RNA preparation and Northern blot analysis were performed as previously described (Sinibaldi et al., 2000) . A total of 10 mg of RNA was resolved on a 1% agaroseformaldehyde gel, transferred to a nylon membrane and probed with a 32 P-labeled probe corresponding to the 1.4 kb XhoI fragment of murine c-myc cDNA. Detection of 28S and 18S ribosomal RNA by ethidium bromide staining confirmed equalization and integrity of samples.
Vaccinia virus delivery of dominant-negative Stat5 protein
Recombinant vaccinia virus encoding dominant-negative Stat5 was constructed using the pSP11 vector in recombination with the WR strain of vaccinia. Vaccinia virus containing kinase-deficient (KD) PAK1 was kindly provided by Dr Elizabeth Hong-Geller (Los Alamos National Laboratory, Los Alamos, NM, USA). As a control for viral infection, vaccinia virus expressing CD56, a large granular lymphocyte-specific surface marker, was used. The procedure of vaccinia viral generation and infection have been previously described Jiang et al., 2000) . Briefly, K562 cells (5610 6 ) per treatment group were incubated with the vaccinia virus constructs for 2 h at 378C in serum-free medium at a multiplicity of infection (MOI) of six. The cells were washed and then further incubated in serum-containing medium for 24 h at 378C prior to the flow cytometric analysis.
Immunocytochemistry to detect activated phospho-Stat5 protein
Immunostaining for phospho-Stat5 was performed using a rabbit anti-human polyclonal antibody against tyrosine phosphorylated Stat5 (Phospho-Stat5 Tyr694; Cell Signaling, Beverly, MA, USA). As negative controls, rabbit immunoglobulins (Vector, Burlingame, CA, USA) were used to replace the primary antibodies. The immunohistochemical staining was performed manually at room temperature, using the avidin -biotin -peroxidase complex methods (Vectastatin Elite ABC kit; Vector Lab). Briefly, pretreatment for antigen retrieval with a pressure cooker involved heating cytospins in a microwave oven in 250 ml of unmasking solution (Vector Lab) for 20 min at high power level, followed by 20 min of cooling time. Slides were then treated with 0.025% trypsin in 50 mM Tris-HCl, pH 7.6, for 5 min at 378C without prewarming. Endogenous peroxidase and nonspecific background staining were blocked by incubating slides with 3% hydrogen peroxide for 10 min. After rinsing with PBS for 5 min, slides were blocked with normal serum and 3% BSA for 10 min, followed by incubation with the phospho-Stat5 primary antibodies, at a dilution of 1 : 400, overnight at 48C. After rinsing with PBS for 5 min, slides were incubated with biotinylated secondary antibody for 60 min at room temperature and washed again with PBS. Slides were then incubated with avidin -biotin complex for 1 h and rinsed with PBS. The chromogen was developed with Nova-red (Nova-red Substrate kit for peroxidase, Vector Lab). All slides were counter-stained with hematoxylin for 30 s before dehydration and mounting.
